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Bias-dependent photoluminescence in CdTe photovoltaics
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We show that external bias significantly affects the photoluminesd@tigen CdTe photovoltaics.

The main observations arél) reverse bias suppresses P2), PL increases with moderate forward

bias and tends to saturate when it is above the open-circuit voltagg3pRL in the region of
saturation is extremely sensitive to device degradation. We attribute the observed phenomena to the
competition between the field-induced separation of electrons and holes and their nonradiative
recombination. We have developed a model that describes bias-dependent PL more quantitatively
and forms a basis for using it as an indicator of device degradatior0@ American Institute of
Physics. [DOI: 10.1063/1.1475359

One distinctive but yet poorly described feature of pho-to the material degradation. We also develop a semiquantita-
toluminescencéPL) in semiconductor devices is that both tive theory of the phenomenon.
the carrier excitation and radiative recombination may occur  The polycrystalline thin-film devices were prepared by
in the region of high electric field. Most PL studies in semi-two different techniques: vapor transport deposition and ra-
conductors have been performed on single crystals or indidio frequency magnetron sputtering. In both cases, a layer of
vidual films in which high electric fields are absénbne CdS followed by a CdTe layer was deposited on commer-
exception to this occurs with surface depletion layets. cially available Sn@-coated glass substrates. The transpar-
Typically, the surface field is difficult to modify and even €nt conductive oxide layer served as a front electrode. After
relatively high laser power densities do not effect much_deposition, the samples were submitted to a standard anneal
change when surface recombination velocities are fifgh. in the presence of Cdglvapor which generally leads to
However, studies of InFRef. 3 and photochemically treated improved electrical characteristics. Finally, a metal layer was

GaAs surfacéshave clearly shown increases in PL signal aSdeposited to form the back contact to CdTe. PL was excited

the surface is unpinned and the surface field is decreased. YH:E the 7E;2dr_1m I'?e O‘; aer iagesr focus_?_ﬂ OT th_e sample
completed devices at the open circuit where interface recomy ' @ SPot diameter ot about ©.5 mm. The fuminescence

o . spectrum was collected at room temperature using a triple
bination is not too great, typical focused laser powers aré

sufficient to short out the built-in fields of completed de- monochror_nator. and charge coupleq de_\{|ce detector. A_pphed
external bias did not cause any significant change in the

;gﬁ?&hls was the case, e.g., in our earlier studies of JunCépectrum of the PL; therefore, we used the integral PL inten-

. . . sity in our data analysis.
In this letter, we present a study of junction PL from a The measured bias-dependent PL intensity) shows

CdTe/CdS junction where the energy gaps of CdTe and Cdﬁﬁree distinct feature€Fig. 1): (i) rapid increase av<\V
are 1.5 eV and 2.4 eV at room temperature. In this case, g,

laser light of wavelength 752 niid.648 eV is transparent to
the CdS and is absorbed in the CdTe with an absorption

oc»
e open-circuit voltag® . being in the range of 700 to 800

length of @~ *~0.3um. This is much narrower than the 104
depletion layer width~1-3 wm in the lightlyp-doped CdTe.
The existence of a transparent conducting contact (SRO 2 89
to the CdS and the back contagypically Cu/Au) to the 5
CdTe allows us to control the electric field at the junction by g 64
the application of external bias. ©
The nonequilibrium electrons and holes are spatially =
separated by the junction electric field. PL is determined by 2
their distribution overlap when the nonradiative recombina- g 21
tion is relatively inefficient. In the opposite limiting case, the 3
PL intensity is driven by the nonradiative recombination be- o 04

fore the electrons and holes are spatially separated. By vary-
ing the external bias and thus changing the field, one can
expect to observe the crossover between the two regimes. In
this letter, we present data which indeed show the aforemergg, 1. Measured PL intensity in a wide range of applied biases for an

tioned crossover. The crossover is found to be very sensitivenstressed device. Solid line represents analytical fit byEgInset shows

PL measurement geometry with layers from the left- to right-hand side;
glass, Sn@:F, CdS, CdTe, and metal contact. Bias voltage is applied be-
¥Electronic mail: dshvydka@physics.utoledo.edu tween SnQ@:F and metal.
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FIG. 2. Measured PL intensities vs bias before and after 28-day light-soak * 1 -

stress. Solid lines represent analytical fits by &).

FIG. 3. amps-1psimulated data on the field-bias dependence for a CdTe/CdS
mv, (ii) the subsequent saturation, a(md) gradual decrease solar cell(dgts)'in comparison with the piece-wise approximation in E@$.
in the far forward bias region. The latter trends are similar toand(4) (solid ine).
the observations in InP Schottky diodeiVhile retaining ] ) )
these qualitative features, the particul§¥) shapes varied Note that for the case of heterojunctiofzerresponding
considerably between different samples without a significant® 0Ur CdS/CdTe devicgsthe reverted field situation is more
difference between the vapor transport deposited and spug®Mplex than predicted by EP), since a kink in the energy

tered ones. This is illustrated by comparing the data in Figs2and structure near the metallurgical junction forms a barrier
1 and 2, the latter showing a more extended saturation rdhat makes it difficult for either one or both types of charge

gion. A remarkable feature in Fig. 2 is that PL in the satura-CrTiers to move into the opposite type reg?dﬁluctuatiops.
tion region is extremely sensitive to light-soak-induced deg" the barrier penetrability may cause the observed variations
radation: a change by almost one order of magnitude i the!(V) shapes between different samp(ezamples be-
observed in response to a 1-month light soak, which typii"d the shapes in Figs. 1 and. Z'his situation will be ana-

cally causes several percent change in the device efficiencly/zed more in detail elsewhere. _
in accordance with the published d4ta. For the case of reverse or moderate forward bias, the

The nonequilibrium carrier concentration responsible fordePIetion region represents the most resistive part of the de-

the bias-dependent PL is described by the balance equatidffe and the bias drops there aimost entirely. Because the
(see, for example, Ref.)@hat includes electron—hole gen- depletion region width is proportional to the square root of

eration @), drift, and recombination and is equally appli- the voltage drop, the maximum electric field becomes

cable to electrons and holes, \/7\/
E(V)=Eg\/1— — for V<V,. (3
Jn n Vy
900~ nE X 7_0’ The built-in potentialV,, is typically close toV,.. As the
forward bias balances the built-in field, it distributes more
9(X) =goO (X)exp( — aX). (1 uniformly across the device. This leads to the field-bias de-

Here,x andE are the mobility and the electric field,is the pendence that is close to finear,

concentration, 7 is the nonradiative recombination time,
O (x) is the step function, and the origin is at the metallur-
gical junction (x>0 corresponds to CdTeln Eq. (1), we
have adopted approximations which allow for analytical so
lutions while retaining the essential physi@s:linear recom-
bination kinetics,(ii) uniform electric field, andiii) negli-
gible role of diffusion. The boundary conditions are that the

electron and hole concentrations remain finite everywhere=dS:(3) and(4). , _
Solving Eq.(1) gives To fit the data, we used the dependence in jwith

the piece-wise approximation for the electric field in E3.
957eTh and (4). The four fitting parameters{,=Equra,{
|(V)“f NeNpdX= a(alot D(al,+ D) (2 =Ejura, Vy, andlg=g2r.mha ' were set the same for the
electrons and holes. Adjusting them independently for each
Here €e(h)=,ue(h)|E|7'e(h) is the electronthole) drift length.  of the two could further improve the fit; however this could
Equation(1) indeed predicts PL intensity dominated by ei- hardly be justified given the rather approximate character of
ther the recombination or drift for the cases of Iq\& our model. With that in mind, we find the fits in Figs. 1 and
<1/(ap7)] and high[E>1/(apu7)] electric field, respec- 2 quite satisfactory; the gradual decreasd (M) predicted

tively. by the model falls beyond the experimental region in Fig. 2.
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i—l) for V>V,. (4)
Vy

Eq, E1, andV, are considered the device parameters. To
verify the predictions in Eq¥3) and(4), we performed nu-
merical simulations by themps-1D softwaré® for realistic
device parameters. The example in Fig. 3 is consistent with

E(V)=E,
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Typical of our data weré/,, slightly smaller thanV,., €,  degradation when the charge generation is high enough to
~1, and€,/€,~0.1, consistent with the available data on screen the junction field: electron-beam induced current is
the CdTe parametePsWe also observed that the best-fit pa- one such example.

rameters,y, €o, and €, decreased with degradation, such
thatl,, scaled approximately as the squarefgf This ob-
servation is consistent with the prediction in E8) if we
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